Abstract--This article emphasizes the influence of crystal-chemical composition on the ease of transformation of micas to vermiculite or more smectite-tike minerals. The swelling test, with glycerol, of Mg-saturated mineral is used to characterize the degree of transformation.
INTRODUCTION
IT IS usual to present the alteration of mica minerals according to the continuous sequence: mica-+ vermiculite ~ smectite.
These successive steps of weathering are generally defined and identified on the basis of their behavior, especially with respect to interaction with polyalcohols. Hence, if we consider glycerol and minerals with interlayer Mg, vermiculites will sorb one layer of glycerol (d(001) = 14 ~,), while smectites will take up two layers (d(001) = 17 or 18A).
Many studies (Barshad, 1950; Foster, 1956a; Walker, 1958) have established a relationship between this behavior and the total charge of the mineral (which is related to the number of interlayer cations). Thus, micas with a total charge in the range 0.7-1 (for Si40~0) will first alter to vermiculite with a low charge (0-6-0.8), and then to smectite with a charge less than 0.6. From this sequence we deduce that the alteration is a progressive transformation of the structure with a lowering of charge. This paper considers: how this kind of alteration by simple transformation can occur experimentally for the different mica minerals, dioctahedral or *This general term refers to all expansible minerals of the montmorillonite group. trioctahedral; what are the structural properties that seem preponderant; and whether total charge is a good index for following this alteration.
EXPERIMENTAL PROCEDURES
Several micas or micaceous phyllites, trioctahedral (phlogopite-biotite), or dioctahedral (glauconites-illites-sericite-phengite-muscovite), were used in these experiments. Their total analyses are given in Table 1 , and structural formulas are calculated from these data (Tables 2 and 3) .
Potassium was extracted from the minerals by various ~ treatments. For trioctahedral micas, N NaC1 at 65~ was used to treat a concentration of mica in the suspension equal to about 1.0 g/1. of solution. For dioctahedral micas, the treatment used either 0.2 N NaC1, barium acetate (0.2 or 0.4 N) at 65~ or sodium cobaltinitrite at 25~ on a suspension which contained about 30-50 mg of mica in 1 1. of solution. After the extraction of K, ferrous iron was oxidized by treatment with H202 at pH 4-3 (15 per cent-24 hr at 40~
The treated mineral was then placed in a centrifuge tube and elutriated three times by N MgCI2, and twice by a mixture of glycerol-ethanol. The specimens were then X-rayed by the method of Barshad (1960) .
In this first study, differentiation between smecrite and vermiculite will be based on the expansion of the Mg2+-saturated mineral after glycerol treat- ment. This test is considered to be specific for this purpose by many authors (Walker, 1958; Schultz, 1969; Harward et al., 1969) , but its exact meaning will be discussed in a short paper Robert and Barshad (in press).
TRANSFORMATION OF TRIOCTAHEDRAL MICA Related experimental studies during the last few years have mainly been concerned with the transformation of mica into vermiculite. This process consists essentially of exchange and diffusion reactions coupled with replacement of the interlayer K by more hydrated cations (Na, Ca, Mg) . This hydration of the interlayer space is the main morphological aspect of the transformation as seen with a scanning microscope (Seddoh and Robert, 1972) . With X-rays the transformation manifests itself by the appearance of basal spacings at 12 or 14 A. During the process the essential structure is maintained because the loss of structural elements is small (< 5 per cent) if the pH is not too far from neutrality.
One must distinguish vermiculization, which can be called "opening" of the layers, from oxidation which can occur as an ancillary process after the opening. This oxidation reaction causes a more important change, an increase of octahedral positive charge and thus a lowering of the net negative layer charge. This increase is compensated in three ways (Robert, 1971) , which are difficult to differentiate quantitatively. Compensation can occur by a lowering of interlayer charge (expulsion of exchangeable cations in vermiculite), by the expulsion of octahedral cations (e.g. iron and eventually Mg) and by a change in the hydroxyl content.
During opening of phlogopite which contains little ferrous iron, the charge remains about 0.8 (Robert, 1971) . The products obtained are typical vermiculites (sorption of one layer of glycerol).
In the experiments on a biotite rich in ferrous iron (Table 2) , a vermiculite with a total charge of 0.7 results from complete "opening" with NaC1 at 80~ (Oxidation has occurred for 50 per cent of the ferrous iron originally present, mainly during the last renewals of the treating solution). If the vermiculite so obtained is completely oxidized by treatment with H202, a mineral is obtained (Robert, 1971) which has a charge of 0.5, within the charge range of smectite. However, if glycerol expansion of such a MgZ+-saturated sample is used as a basis for identification, the expansion involves only one layer of glycerol, as in true vermiculite.
These results on trioctahedral micas show that the parameter of total charge is insufficient to distinguish the different steps of mica alteration. This parameter must be supplemented by a considera-tion of whether the origin of this charge is tetrahedral or octahedral (Meting and Pedro, 1969) . In our experiments, although the composition of the interlayer space and the octahedral sheet are changed, the tetrahedral substitution of Si by A1 remains the same (A1 > 1-20 for 4 tetrahedra)*.
TRANSFORMATION OF DIOCTAHEDRAL MICA It is not possible to experiment with trioctahedral micas containing less tetrahedral A1, because the required species do not exist (Foster, 1960) . However in the dioctahedral micas, there is a continuous trisilicic-tetrasilicic series (Foster, 1956) . We have chosen for study a few members of this series which are either: (1) dioctahedral micaceous phyllites with mica structure but lower charge and lower tetrahedral substitution of Si by A1; and (2) true dioctahedral micas having higher charge and substitution.
TRANSFORMATION OF DIOCTAHEDRAL MICACEOUS PHYLLITES
Ferric phyllites (glauconites) and aluminous phyllites (illites) have been studied.
(1) Glauconites. These minerals are distinguished by a low tetrahedral substitution (< 0.4). One of the samples used came from a sandy formation of Cenomanien age from Cormes, France. Chemical and structural compositions, of material isolated with a magnetic separator, are given in Tables 1 *In all cases, the numbers of 4-fold coordinated aluminum are given for 4 tetrahedra i.e. per half-unitcell. tSpectra done by R. Prost (Versailles). and 3. The other sample came from Villers; the structural formula in Table 3 was taken from Besson et al. (1966) . These minerals, very similar to those described by Hendricks and Ross (1941) and by Sabatier (1949) , have a high content of both K20 and Fe203 and a low degree of interstratification with an expanded mineral. Examples of such glauconites are given by Burst (1958); Hower (1961) ; Cimbalnikova (1971) and Thompson (1973) .
During the experiments, the potassium released, as measured by atomic absorption, was greater than 60 per cent of the total interlayer cations.
X-ray diffraction of the Cormes glauconite, after opening followed by Mg2+-saturation and hydration, gave a basal spacing of 14 A which increased to 18 A upon glycerol treatment. Extraction of potassium gave only one species which possessed the swelling behavior of smectite. Treatment with H202 (oxidation) or with Na2S204 (reduction) did not change the behavior of this mineral. Figure 1 represents the diffractograms of glauconite before and after opening. The relatively low spacing at 17.40 ,~ can be due to some interstratification with unopened glauconite; when K extraction is more complete, a spacing greater than 18 occurs 9 In Fig. 2 are superimposed infrared spectra? of the treated and untreated minerals in the region of hydroxyl vibration. There is no apparent change in the hydroxyl absorption bands, but after opening some hydration water obviously remained in the KBr pellet. This last spectrum is very similar to that of nontronite.
The Villers glauconite, after extraction of K, gave a basal spacing of 14 A with glycerol. Oxidation by ~ H202 resulted in an increase of this spacing to 18A. For both Cormes and Villers glauconites, tetrahedral aluminum is low (near 0.3), and smectite swelling behavior can occur for a total charge of 0.7 or 0-8, far above the smectite range.
For some glauconites this swelling behavior will appear directly after K extraction, while others will need the presence of ferrous iron in the structure to permit lowering of charge by oxidation.
(2) lllites. Potassium has been extracted from Fithian and Grundite illites in the size range 0.3-0.5/~m. The samples were respectively Na § and Mg 2+ saturated before the opening treatment.
Extraction of K was done until about 60 per cent of the total content. To go above this level a more drastic treatment would have been necessary Smith and Scott (1966) .
The total analyses of these illites are given in Table 1 , the structural formulas in Table 3 . If the structural formula is calculated on the basis of 11 oxygens, the total charge and the aluminum in tetrahedral position are relatively low and coincide with the values given by Foster (1956a) and Hower and Mowatt (1966) . If free silica was removed by KOH treatment, and the structural formula calculated to include some extra structural water, both the charge and the tetrahedral aluminum increased.
The X-ray results, presented in Table 4 , are as follows.
Hydrated Grundite, after opening, showed a 14 A spacing after Mg2+-saturation. After glycerol treatment, the opened illite showed the presence of two species, one with a 14 A spacing (one layer) and one with an 18 A spacing (two layers). The first was similar to vermiculite in swelling behavior; the second, to smectite. If the remaining ferrous iron of the opened sample were oxidized, we then obtained, after Mg2+-saturation, only one species which swelled to 18 A. In this illite Gaudette et al. (1966) found some expanding mineral, which could represent part of the second species. The important point is that after oxidation the opened sample showed only smectite swelling behavior. Opening of Fithian illite gave only one species, with a basal spacing of 14 ,~ even after glycerol treatment. After oxidation with H202, however, glycerol treatment swelled the sample to 18 A. The charge reduction by oxidation could only be about 0.1 or 0.2 (for a structural formula of Si4010) but this amount was enough to change the swelling behavior from that of vermiculite to smectite. These results are in agreement with the work of White (1950) , who, however, extracted only 20 per cent of the total potassium. The results are not in agreement with other authors who have also 'opened' illites. In illites there is more tetrahedral aluminum than in glauconites and the total charge must be reduced to near 0.6 to have smectite behavior. With Fithian illite and Grundite it is possible to reach such a charge only by extraction of K and oxidation of ferrous iron. These results cannot be
Transformation of true dioctahedral micas
Many experiments have been performed on muscovite, for example, by Reichenbach and Rich (1969) and Scott and Reed (1966) . In this work a phengite (with high content of Fe203) and a sericite were studied.
In these two cases, extraction of potassium produced a dioctahedral vermiculite which expanded to only one layer of glycerol when Mg2+-saturated. Oxidation by H202 did not change this behavior. The charge after opening remained very high and the amount of ferrous iron present in the structure was not enough to reduce the charge.
It should be possible to obtain smectite behavior with a more fundamental change in structure. White (1956) , working with muscovite, and more recently Tomita and Sudo (1971) , working with sericite, have reduced charge by incorporation Of cations in the octahedral sheet by fusion with LiNO3. With a value of tetrahedral aluminum around 0.9 it seems possible to obtain smectite behavior if the total charge is lowered sufficiently by this Li + incorporation.
DISCUSSION AND CONCLUSIONS
The main results of the transformation of micaceous phyllosilicates are summarized in Table  5 . The general sequence of alteration remains valid. The total charge of the mineral is a good indication of transformation to a first approximation, but more detail must be considered.
In particular, the steps of transformation will be different according to the crystal-chemical constitution. For trioctahedral micas, simple transformation leads only to a vermiculite, due apparently to a high tetrahedral substitution (A1 i> 1.2) (Foster, 1960) .
For dioctahedral micas (muscovite, phengite or even sericite), with tetrahedral aluminum in less than one of every four tetrahedral sites, the extent of this substitution should no longer be an obstacle to transformation to smectite. However, because the charge remains high, this alteration is also limited to the vermiculite state. For dioctahedral phyllites, analogous to micas, which commonly occur in soils and in which tetrahedral aluminum is lower, the charge is also lower and the For some illites, the postulated sequence of alteration to vermiculite and then to smectite is found, whereas in others both vermiculite and smectite occur together indicating that there were two differently charged species before transformation. Glauconite has the same maximum total charge as illite; after opening, it behaves more like a smectite because the amount of tetrahedral aluminum is smaller.
In all these experiments, structural changes in structure are minor and consist mainly of hydration of the layers and modification of the octahedral composition. To go beyond the degree of transformation considered here would involve more drastic structural modification. For example, reduction in charge of muscovite requires entry of cations into the octahedral sheet, as was demonstrated for Li + by White (1956) . In nature, Mg 2+ may play a similar role. Similarly reduction of tetrahedral substitution in trioctahedral micas requires entry of Si and release of AI (Tardy, 1969) . Cardenite, a trioctahedral smectite derived from biotite, has only 0.8 A1 in tetrahedra (MacEwan, 1954) , still a lot ofAP v per total unit cell, but less than the AI w in biotite.
From our results it appears easier to reduce the charge by means other than modification of the tetrahedral substitution. The process of oxidationreduction appears important, not only for ferrous biotite but also for dioctahedral phyUites which contain only a small quantity of ferrous iron. Some of these results were quite unexpected. For example, alteration of trioctahedral micas to vermiculite is easy, but not alteration all the way to smectite. For dioctahedral micas and particularly for illites and glauconites, the alteration toward smectite is easier.
A first consequence of this work deals with our knowledge of micaceous phyllites. If all glauconites after opening behave alike with glycerol, they may be considered similar to high charge potassium smectite. As we have seen, illites are more complex and show the presence of different species. If, for opened Grundite and Fithian illites, the swelling behavior remains the same until K extraction is complete, their charge is not as high as muscovite or phengite type minerals.
Another consequence concerns the interpreta-tion of natural weathering where one characterizes the type of alteration by the presence of a particular clay mineral. If such characterization can be correct for neogenesis of clay minerals, it will not be necessarily the case during transformation of minerals, a process in which inherited structural characteristics may be more important then conditions of the altering medium. In this respect, tetrahedral occupancy by aluminum, or ferrous iron in octahedral sites are important and can determine the type of swelling clay mineral (vermiculite or smectite) obtained during alteration. Smectites derived from micaceous minerals can be called "transformation smectites". It will be seen elsewhere that if they show smectite behavior with glycerol, they have also other special properties which allow differentiation from true smectites generally formed by neogenesis.
gonfiement au glyc6rol appliqu6 au min6ral satur6 par Mg est utilis6 pour caract6riser le degr6 de transformation. Les facteurs structuraux principaux de cette 6volution sont la substitution t6tra6drique de Si par AI et la charge totale. 11 y a une relation entre ces deux facteurs, h savoir que la charge qui n'affecte pas le comportement gonflant de la smectite est d'autant plus grande que le taux de substitution t6tra6drique est bas.
A cet 6gard, il existe un contraste certain entre les micas tri et diocta6driques. Dans les premiers, la teneur en A1 t6tra6drique est si 61ev6e (> 1,20 pour Si4010) que la transformation en smectite doit impliquer une modification de la couche t6tra6drique. Pour les phyllites micac6es diocta6driques (illites et glauconites) ob la charge t6tra6drique est plus basse, la transformation peut 6tre plus facile. Seul un abaissement de la charge totale est n6cessaire, et l'oxydor6duction semble jouer un r61e tr~s important dans ce processus.
